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ABSTRACT
Storing carbon dioxide (CO2) in depleted oil and gas reservoirs, un-mineable coal
beds or deep saline aquifer reservoirs is being considered as the most effective CO2
sequestration option. A crucial element in CO2 storage is a dependable monitoring
method and assessment criteria of the mechanical integrity of the C02-rock system. One
method to assess this integrity is designing a system to measure elastic properties via
nondestructive seismic waves on various sample rocks under numerous conditions. Due
to the nature of rock formation, their material content is neither isotropic nor
homogeneous. Their elastic properties can be characterized indirectly by measuring the
seismic velocities of compressional P-waves and shear S-waves.
In this study, a system to measure elastic properties of rock samples under
different confining pressures and fluid/gas injected flow rate using nondestructive seismic
waves was designed and validated. Seismic waves are generated and transmitted through
the core by one of three piezoelectric ultrasonic transducers excited by a voltage pulse.
One of the transducers is used to generate a compressional wave and the other two
transducers independently generate shear waves (one vertical and one horizontal). A
similar set of transducers is used on the receiver end to measure the waveforms
propagated through the core sample. The received waveform signals are acquired via a
digital oscilloscope which sends the digitized data to a local computer for further

xiv

processing. Various algorithms are implemented in this computer in order to filter the
noise from the signal and measure the time delay for the waveform to travel from one end
of the sample to the other. Knowing the length of the sample and time delay s, the
velocities of the seismic waves can be determined. Once the compressional and shear
velocities have been measured, the elastic properties of the rock sample can be
calculated. The system also measures the sample’s confining pressures, fluid or gas
injected flow rate and pressure, and various temperatures and stores the information to a
|
database installed in the local computer. This allows real-time analysis of the rock sample
while samples are saturated with CO2 under conditions similar to those found in
geological formation.
After the system was built and calibrated with known elastic properties of a test
material, various experiments were conducted to monitor the overall performance and
functionalities of the system. Temperature effect and confining pressure effect on the
elastic properties were observed over different rock samples. Experiments with porous
materials saturated with water and CO2 were also carried out to prove the main purpose
of this laboratory instrument.

xv

CHAPTER 1
INTRODUCTION
1.1 Background and Motivation
Capturing the carbon dioxide (CO2) emissions from power plants, automobiles or
chemical refineries and storing them in depleted oil and gas reservoirs, un-mineable coal
seams or deep saline aquifers will potentially lower the greenhouse gas impact on global
warming. Determining the right CO2 storage sites involves a reliable testing and
monitoring methods to assess the mechanical integrity of the CCb-rock system. C 0 2 can
react either directly or indirectly with the minerals and organic matter in the geologic
formations to become part of the solid mineral matrix and alter the elastic properties. A
method to evaluate this integrity is designing a system to measure the dynamic elastic
properties via nondestructive seismic waves on various sample rocks under numerous
geological conditions. Since their material content is fairly complex and due to the effects
of an injected saturating fluid, some assumptions are made. Their dynamic elastic
properties such as Young modulus, shear modulus, Poisson’s ratio, etc. can be
characterized indirectly by measuring the seismic velocities of compressional waves, i.e.,
P-waves, and shear waves, i.e., S-waves, in horizontal and vertical orientations. The
assessments are made based on the changes in the same orientation and between them.
This thesis discusses the designing process of a system capable of measuring these elastic
properties dynamically under various geological conditions.
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1.2 System Approach
Laboratory experiments to measure dynamic elastic properties of a rock can be
performed by implementing a multipurpose tri-axial acoustic core Hooding system. The
rock represents a sample materia! cored from a reservoir well. This sample can be under
varied geological conditions such as different temperatures, axial pressures, radial
pressures or pore pressures, resulting in different chemical reactions between the
saturating fluid and mineral granules in the rock material. All these geological conditions
can be applied to the sample by the means of this system.
The system consists of devices that provide appropriate settings to run the
experiments. Figure 1, shows the system diagram with individual components.
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Figure 1. Multipurpose tri-axial acoustic core flooding system (modified from Zeng,
2006).
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How lines correspond to steel pipes, which can carry the injected fluid and
confining pressure fluid up to ISOOOpsi. Data lines represent cables from different
subsystems and sensors. Depending on where the cables are connected, they carry digital
and analog signals. A Control Box shown in Figure 2 w'as designed to carry multiple
functions and serve as an interface between the electrical connections of the hardware
components and a local computer.

Figure 2. Control Box.
All pressure transducers, thermocouple, acoustic waveforms and pump readings are
routed via this unit. A Tektronix TDS2014 digital oscilloscope is used in place of a data
acquisition board (DAQ) with a high sampling rate, lGS/s, to digitize the acoustic
waveforms from the piezoelectric transducers. Only one of the piezoelectric transducers
is connected to the oscilloscope at a time, which is switched through the Control Box
after the waveform data are sent to the computer for processing. The oscilloscope
communicates with the computer via a General Purpose Interface Bus (GP1B).
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A set of two Back Pressure Regulators. (BPR), is used to maintain a pressure
threshold at the inlet and outlet of the core holder. The injection pump supplies the gas or
fluid to the core holder in which the sample is being tested. Having the injection pump in
the system adds some advantage by maintaining a constant How rate or constant pressure
and allows the system to continuously monitor the amount of fluid being injected.
The core holder is a fixture that consists of a cylinder, a piston and a cap. The cap
seals the cylinder and the piston can be adjusted to provide a specific axial pressure to the
sample. Also, the cylinder can be filled with a fluid, usually water, to provide a desired
radial pressure. A VITON rubber sleeve holds the sample straight between the cap and
the piston and also seals the injected fluid from the confining pressure fluid. This way the
axial, radial and pore pressure can be controlled separately and set to the desired values
based on the geological conditions of the formation sample being tested. Figure 3 shows
the components of a core holder in detail. Both the cap and the piston have a set of
piezoelectric transducers mounted inside with titanium plugs.

Figure 3. Acoustic Core Holder (designed by Temco, Inc. 2005)
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i hese transducers are used to generate non-destructive ultrasonic waves and to
convert the ultrasonic (mechanical) vibrations back to electrical signal in order to
measure the dynamic elastic properties of the sample. Each set consists of three
piezoelectric disks polarized in the x~, y- and z-axis. The transducer polarized in the pr
axis will generate cotupressional waves, also known as a P-W'ave. and they and z
polarized transducers will produce the shear waves (y-vertical and z-horizontal), also
known as SI or SV and S2 or SH, respectively. Figure 4, shows each disk along with its
polarization. One set is used as a source by applying an electrical pulse to each individual
disk and the other set is used as a sensor to detect the corresponding wave. Because of
their piezoelectric effect, a piezoelectric transducer can serve both as a source or receiver.

P

SV

SH

Figure 4. Piezoelectric Transducers.
While confining pressure and pore pressure are controlled by pumps, the
temperature is established by an air bath (oven). The core holder is placed inside an oven
with a temperature controller, which can be adjusted by the computer to a desired
temperature. The oven element is switched

and off from a solid-state relay, which is

controlled from the Acoustic Core Holder Measurement System (ACHMS) software. Six
thermocouples are installed inside the oven to measure temperatures at different points
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during the experiment. They monitor the temperatures of oven, core holder, injected
fluid, etc.
1he ACHMS software is implemented in LabVIEW, and runs on a local computer
under the Windows XP operating system. The main function of this application is to
communicate with the Control Box, pumps and oscilloscope. It controls them and collects
data from them. Few algorithms are implemented in ACHMS to filter the noise from the
sensors and convert their readings to dynamic elastic properties of the sample being
tested. All this information is then stored in a local database for documentation and other
post analysis. The software provides a graphical user interface (GUI) with controls and
data entry points for the user to be able to monitor and setup the experiments in realtime
locally and remotely through other computers connected to the Internet.
1.3 Thesis Organization
This thesis is organized as follows. A detailed piezoelectric theory is explained in
Chapter 2. Wave propagation in saturated porous media theory will be discussed in detail
in Chapter 3. Chapter 4 is divided into two parts. The first part provides information on
the hardware I designed for building the Control Box and the integration and
configuration of all components of the system. The second part of this chapter discusses
the ACHMS software application I implemented along with velocity measurement
algorithms. Experiments and results will be discussed in Chapter 5. Conclusions about
the system and future work will be covered in Chapter 6.
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CHAPTER 2
LITERATURE SURVEY
2.1 Piezoelectric Theory
In 1880, Jacques and Pierre Curie discovered an interesting property of particular
crystalline minerals, the piezoelectric effect, (APC International, 2006). When these
crystals were subject to a mechanical force they became electrically polarized. Voltages
of opposite polarity were generated that were proportional to the compression or tension
applied. Also, an inverse piezoelectric effect occurs when an electric field is applied to
the crystal. The crystal will change its shape proportional to the polarity of the voltage.
Due to this unusual characteristic, the Curie brothers named this property after the Greek
word piezein, meaning to press or squeeze.
The piezoelectric effect is exhibited by a number of naturally occurring crystals,
such as quartz, tourmaline and sodium potassium tartrate. Besides these crystals, there is
also another group of piezoelectric ceramics, such as barium titanate, lead zirconate
titanate, etc.
For a crystal to exhibit a piezoelectric effect, its structure should have no center of
symmetry. Above a temperature, known as the Curie point, these crystals exhibit a simple
cubic lattice with no dipole moment, as shown in Figure 5.a. At temperatures below the
Curie point, the lattice takes a new shape, a tetragonal or rhombohedral structure, which
has an electric dipole, shown in Figure 5.b. (APC International, 2006).
7

J a)
J— --------J
b)
Figure 5. a) Cubic lattice above Curie temperature; b) Tetragonal lattice below
Curie temperature with an electric dipole.
('he positive and negative electrical charges are separated, but symmetrically
distributed, so that the crystal overall is electrically neutral. Each of these sites fonns an
electric dipole and dipoles near each other tend to be aligned in regions called Weiss
domains. The domains are usually randomly oriented, but can be aligned during poiing, a
process by which a strong electric field is applied across the material, usually at elevated
temperatures, as shown in Figure 6.

Figure 6. Poling of a PZT material. Domains before, during and after polarization (APC
International).
Analogous to characteristics of a ferromagnetic material, a piezoelectric material
exhibits similar hysteresis. This typical hysteresis curve is created by applying an electric
field to a piezoelectric material until it reaches its maximum polarization. At this point all
the dipoles are aligned and the material has reached a saturation polarization. When the
field is reduced to zero, the dipoles become less aligned due to the absence of the external
field, but they do not return to their original orientation. This is the remanent polarization

and is somewhat lower than the saturation level. Similarly, to achieve the negative
saturation and remanent polarization, the polarization of the electric field is reversed. If
the field is increased in the positive direction again, the polarization will fall to zero and
eventually return to the saturation point. Also, the relative increase/decrease in the
dimension parallel to the electric field is accompanied by a corresponding relative
decrease/increase in the dimension perpendicular to the electric field. Figure 7 shows the
hysteresis curve during polarization and elongation/contraction of a ceramic element.

b)
Figure 7. Hysteresis Curve (APC International).
After the piezoelectric material is polarized, an external force that produces a
compressive or tensile strain on the material will change the dipole moment and will
cause a voltage between the electrodes to change proportional with the force. This leads
to the conversion of mechanical energy to electrical energy. When a voltage of opposite
polarity to the poling voltage is applied between the leads, the material will tighten. If the
voltage has the same polarity as the poling voltage, the material will expand. Having the
ability to convert one form of energy to another and vice-versa, a piezoelectric material
can serve as a transducer. Most of the piezoelectric materials come in a powder form.
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therefore using a mold cavity and some heat treatment they can take the shape of the
mold easily; thus piezoelectric transducers can be manufactured in various shapes and
polarized in any direction based on the application being used. Polarization is a
permanent treatment, but if a piezoelectric material is heated above Curie temperature it
will depolarize and Weiss domains will be randomly distributed again. Therefore caution
must be taken when working with piezoelectric transducers.
When a PZT transducer is exposed to an alternating electric field, a piezoelectric
element will change its size periodically in accordance to the frequency of the field. If
this oscillation is near the resonant frequency of the element, a second order equivalent
circuit can describe its dynamic behavior as shown in Figure 8 (Waanders et al, 1991).

:Lr- Co

<

Ro

Figure 8. Equivalent circuit for a piezoelectric transducer near resonant frequency.

These mechanical vibrations match closely to the resonant frequency ot the RLC
circuit, which has impedance given by equation (1).
(
1
Z = R , + j coL, coCt /
k

( 1)

where R/, L h- C/ are the internal components of the equivalent circuit and <x>is the
frequency.
Since the impec ,.ce is dependent on frequency, co, it will have a characteristic
frequency response based on the values ot Z./, C/ and R/. The impedance, Z, will have a
10

minimum value, R/, when the imaginary term is equal to zero. This occurs at the resonant
frequency which is given by equation (2).
co =

1

or

L,C\

( 2)

A simulation of the characteristic impedance is shown in Figure 9. It is important
to know what the resonant frequency of the transducer is in order to optimally couple the
electrical signal with the mechanical vibrations. Knowing these parameters adds another
advantage for designing a coupling circuit to match the mechanical resonance of the
transducer with the electrical circuit resonance (or impedances) of the signal source by
just adding an additional inductor in parallel Lcoup!ed shown in Figure 10.

Figure 9. Simulated impedance versus frequency.

Figure 10. Electrically coupled transducer.
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2.2 Piezoelectric Transducers lor Acoustic Non-destructive Testing
Low amplitude elastic waves are ideal for non-destructive testing, since they may
propagate relatively large distances inside most solid materials without causing any
permanent changes in the material as a result of their passage. Ultrasonic waves are
usually used in non-destructive testing to measure thickness of solid bodies, to locate
flaws, to measure various energy losses, and in this study to measure elastic properties of
a specific material such as rock samples (Green, 1973).
Ample amount of work has been done in this area and many instruments are
readily available as commercial off the shelf (COTS) components. Ultrasonic non
destructive testing is one of the common methods used to detect macroscopic internal
fractures in solid materials and measure effectively elastic properties. Various techniques
are employed, each with its unique advantages and disadvantages. Methods such as
through transmission, resonance and pulse-echo are one of the few widely used. Through
transmission involves two piezoelectric transducers, one serving as a source and the other
as the receiver. This method is mostly used when material being tested has high scatter or
.; o> iiic

. c

ig waves. I'he di.su......... tgc is low accuracy and a limit in

detecting very small size fractures. The resonance technique is utilized when plates or
sheet metals are being tested (Szilard, 1982). This method lost its popularity when pulseecho technique became available and found great use in automated systems. Szilard and
Krautkramer provide in detail a large variety of ultrasonic instruments used in industry
and automation.
In this study, the through transmission technique is used for measuring only
elastic properties of the sample rocks which are discussed in the follow ing chapters.
12

CHAPTER 3
ACOUSTIC WAVE PROPAGATION
From the seismic point of view, a rock is a porous solid. The solid structure of the
rock consists of one or more minerals in a form of grains and one or more cementmaterials that combine these grains together. These cement minerals play a crucial role
on the overall rigidity and seismic velocities of the rock. The non-solid, uncemented part
of the rock is the pore space which provides the porosity, ratio of the void space to the
bulk volume expressed in fraction (Liner, 2004). These pores (voids) give rise to the wide
differences in physical behavior between dense solids and porous substances which are
complicated by the presence of a fluid even in very small amounts
Although, describing the geometry of the voids and grains is complex, the focus
of our discussion will be on the seismic wave propagation through the media when the
rock is saturated with different fluids. Initially the elastic properties ol materials will be
covered briefly and then cases for isotropic and anisotropic material will be discussed.
3.1 Elastic Properties of Materials
A solid material can undergo deformations in response to applied forces. If the
shape of the solid changes in any way, the solid is said to be strained. Good examples of
strain are compression, shearing, elongation, etc. The simplest solid shape that can easily
be explained mathematically is a cubic lattice, shown in Figure 11.
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* z

Figure 11. Cubic shape representation of a material.
A point represented by a position vector x = (x] = x , x 2 - y,x^ = z) in the solid
which after some deformation becomes x'= (x*, ,x'2 ,x '}). The displacement vector from
the rest position is then given by:
m=

x '- x

(3)

Since the strain is a measure of how displacements in a solid material change in
space and assuming the deformation is continuous, then du is related to dx by the
equation (4)
du = ^ J-dx, + ^ J-d x2 + ^ J-dxi , i=l,2,3
ox]
ox2
5x,
Using a matrix notation the gradient of u can be written as follows
' 5m,
5x,
5m,
5x,
5m,
v5x,

5m,
dx2
5m,
dx2
5m,
Sx2

5 m, ^
5x,
fe
5m2 —
*2!
5v,
1^31
5m,
5x , ,

^12

r \
*13

£22 *23
£n

*33 )

Using the index notation, the strain tensor en can be simplified even more to:
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(4 )

1 cm du
-{— L + — L),i,i= /, 2, 3
2 dx
dx
Indices i and / represent deformation directions. Considering these deformations being
small and symmetric two cases for i = j and i f-j are described as follows.
Assuming one face of the cube is pressed down by a force and the height changes
as shown in Figure 12.

A

Fi

4

^ J - Au

u
_J

Figure 12. Deformation m one direction.
Then the span

ge of the deformation can be written using equation (6)

shown in equations (7):
du, dui
- +- '
Vdx, dx. J
or
h i

—

du}
«^
Sx, '

oo

du,
dx.
(7)

du2
du3
i
_
d . d x

Equation (7) shows compressions or elongations of the material only from one
single direction. The other case where shear forces from different directions (/ f- j ) are
applied, is shown a little exaggerated in Figure 13.
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Figure 13. Force applied from different directions.
Two equations for each angle, y, can be written in terms of spatial change as follows:

—— = tan(j )
ox
and
du t
dx,

( 8)

= tan (y„)

Since ^is infinitesimally small then tan(y,; ) = y y; and equation (6) will take the form
1 .

.

£,j = ” 0 + Yjt) = r ,j, assuming y tj = y J

(9)

Equation (9) represents the shear measurement of strain in solid materials. Due to the
symmetry of the cubic lattice, s lf

the strain tensor can be written as shown in

equation (10).
(£
£, = Y12

Y \2

f 13"

S 22

Yl3

y 23

£13/

(10)

where s represents compression/elongation strain and y represents the shear strain
(Hibbeler, 2005).
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When a solid body is deformed under the action of external forces, internal forces
are induced to oppose these deformations. Stress is the internal force per unit area that
exists at interior points of a solid material. For the same simple solid cubic case, the/*
component of the force applied to the face with normal vector pointed at the i'h direction
is denoted a,,. Therefore, a series of <7tj constitutes a tensor called a stress tensor:
° \2

° u

=

< ?2 \
^ 3 1

a
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a

i2

< *2 3
J

Like the strain, stress is a symmetric tensor, <r(; = <r/(.
The relationship between stress and strain was initially described by Hook’s Law,
which later on was extended to a generalized tensor notation form (Mavco et al, 2003).
Hook’s Law states that a general anisotropic linear elastic solid has stress components
which are linearly proportional to the strain components, which is expressed as:
o’j = C ljkl£kt,

(12)

where Cikl is a higher order tensor than stress and strain, and represents the elastic
constants of the solid material. It contains 3x3x3x3=81 parameters. Due to symmetries
within the stress and strain tensors only 21 of them are independent. This tensor is often
called the elastic stiffness tensor, and using the simplified index notation of matrices, this
tensor can be written as equation (13). The simplest symmetric anisotropic class which is
commonly used in modeling rock properties is the homogenous isotropic solid material
with two independent constants; k the Lame parameter and // the shear modulus (also
called the rigidity) (Liner, 2004). In this caseC,lk/ is given by equation (13) as follows:
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C llhl

0

0

0

C I2

0

0

0

C \2

G i

0

0

0

0

0

0

0

0

0

0

0

0

C 44

0

0

0

0

0

CH

C ,2

C !2

c u

C'l2

"

(13)

~

C 44 J

where cu = A + 2ju, c44 = /j and c12 = cn - 2c44.
Also, there exist some important relations between the Lame’s constants (A,ju)
and other elastic properties of solid materials. Young’s modulus, E, which measures the
resistance of a solid to a change in its length, is given by equation (14), (Green, 1973):
(3/1 + 2 / y)

E = ju-

A + fj.

(14)

Bulk modulus, K, which measures the resistance of solids or liquids to change in their
volume, is given in equation (15):
K = A+ —jli
3

(15)

Shear modulus, G, which measures the resistance to deformation of the planes of a solid
sliding past each other, is given in equation (16):
G = ju

(16)

Poisson’s ratio, v, which is the ratio of transverse contraction strain to longitudinal
extension strain in the direction of stretching force, is given by equation (17), (Serway
and Beichner 2000):
A
2 fa + A)
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(17)

3.2 Wave Propagation in an Isotropic/'Anisotropic Elastic Media
I he material, in this case mostly rock samples, is assumed to have reversible
elastic behavior, i.e., it does not develop any permanent deformation and demonstrates
isotropic and homogenous behavior.
Under the elastic assumption, the Lame constants, X and p discussed in the
previous section and density, p, can be used to define wave propagation velocities. When
the medium is defonned. the propagation of these elastic disturbances is characterized by
two waves: the longitudinal or compressional wave, also called P-wave, and the
transverse or shear wave, also called S-wave, (Bourbie, et al 1987). The velocities for the
P- and S-waves are given by the equation (18).

(18)

Polarization c f compressional P-waves is not possible, but it occurs in shear S~
waves when particles have one direction of motion (Liner, 2004). Therefore, usually two
S-wave velocities, vSH and vsy , are used to express the shear velocities in the same
direction of propagation, but mutually perpendicular direction, V and H, of polarization.
If the material is isotropic and homogenous then vSH and vST should be the same,
otherwise it indicates signs of no ,-homogeneity. By measuring v;,, vSH and vsr , the
elastic properties of the material discussed in the previous section can be derived in terms
of these velocities and material density p, as shown in equation (19), (Zeng and Roegirs,
2001). Equation (19) is under the assumption that the media is isotropic and homogenous.
Characterizing the anisotropy on the other hand requires thorough analysis and more
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measurements of the media being tested. Equations (14) through (17) can be derived in
terms of v,, and vs. .

1 = p(v7P

(19)

Knowing only vp, vSH and vsy provides a general idea of the elastic properties of
the material. Further information can be found from Bourbie (1987), Achenbach (1973)
and Green (1973).
3.3 Wave Propagation in Saturated Porous Media, Biot’s Theory
Biot developed a theory about the elastic wave propagation in fluid saturated
porous media in 1955. In this theory, he introduced the concepts of apparent masses and
dynamic coupling between fluid and the solid frame. One transverse wave and two
compressional waves are manifested. The cornpressional waves are classified as the first
and second kind, where the first kind relates to the in-phase propagation of the solid
material, and the second kind to the fluid injected in the voids of the solid material. The
first kind propagates faster and with a small attenuation, while the second kind follows
behind and is highly attenuated (Biot, 1956). There is some discussion in Chapter 6
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regarding iuture work to exploit this theory in determining some other properties of fluid
saturated porous media.
3.4 Wave Velocities and Measurements
4'he measurement of velocities is performed by measuring the travel time of a
seismic wave which is transmitted through the rock sample. The waves generated from
source piezoelectric transducers (PZT) will propagate through the titanium plugs and the
rock, as shown in Figure 14. If we considering the rock sample to be a waveguide
transmission with unknown acoustic impedance, the wave will encounter different
interfaces and therefore some portion of the wave will travel through and some will be
reflected nack. Since the rock sample behaves similar to a lossy transmission line, the
waves that are reflected back and forth will be attenuated fast, and therefore will be veryweak and mostly undetected on the receiving end. In this case only the first wave is
considered for measuring the wave velocities.

<*■

l

>
PZT Transducer

Titanium Plug
Rock Sample

Since the titanium coupling between the transducers and the sample rock remains
unchanged the travel time in this portion, A /, will be constant for all the experiments. It is
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imperative that this time delay is measured first during the calibration of the system.
Then the wave velocities are calculated from the following equation:
v, =

TD,total ■2M

where i is P-, SV- or >S7/-wave.
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( 20 )

CHAPTER 4
INSTRUMENTATION SYSTEM
4.1 Hardware
The hardware section consists of pressure transducers, thermocouples, an acoustic
core holder, a digital oscilloscope, a data acquisition board, a desktop PC, a fluid
in jection pump controller, an air bath and the design of a Control Box. Figure 15, shows
the main electrical block diagram.

■v

D ig it a l

O S C ILL O S C O P E
\ I D S 2014.
G P IB / V ISA

A N A L O G S IG N A L

AIR
BATH
SO U RCE

R E C E IV E R

R S -2 3 2

Figure 15. Electrical block diagram.
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4.1.1 Temperature Sensors and Pressure Transducers
Pressure transducers P/N: MSP60005KP4N1 (maximum 5000 psi) from
Measurement Specialist Inc. and P/N: AST4100A07500P3A0103 (maximum 7500 psi)
from American Sensor Technology, are used to measure the injected fluid, flow-in and
flow-out, pressures and axial and radial stresses (confining pressures), respectively. The
injected fluid pressures are used to calculate the pressure difference between the inlet and
outlet of the rock sample in the core holder. This pressure difference depends on the pore
structure, the viscosity of the fluid, the length and the cross sectional area, and the flow
rate at which the fluid passes through the rock sample. Knowing the flow rate, the
viscosity and the pressure difference, the permeability of the rock can be calculated.
Permeability measurement is discussed in the software section since the equation is
implemented in the Acoustic Core Holder Measurement System (ACHMS). The axial
and radial stresses represent the confining pressure of the rock. The data of confining
pressures are used for monitoring purposes only.
Each pressure transducer has an analog output which is linearly scaled from IV to
5V for the pressure range from 0 psi to the corresponding maximum pressure
measurement. This analog signal is digitized using PCIe-6251 NI-DAQmx board with
analog input channels dedicated to each pressure transducer. The connections diagram is
shown in Figure 16. Pins PT1, PT2, PT3 and PT4 correspond to pressure transducers for
Core Pressure IN, Core Pressure Out, Axial Pressure and Radial Pressure respectively.
Pins PT1 and PT2 can measure up to 5000 psi and PT3 and PT4 can measure up to 7500
psi. U11 through U14 are precision low power instrumentation amplifiers, INA128. from
Texas Instruments, set at a gain of 1. These amplifiers have a high common mode
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rejection ratio ot 120dB minimum and are used to collect an accurate reading from each
pressure transducer, with minimal noise. Initially, each pressure transducer is calibrated
individually and the compensation coefficients are stored in separate modules.

Figure 16. Pressure Transducer connection diagram.
Thermocouples P/N: TJ36-CASS-116U-72 from Omega Engineering Inc., are
utilized to measure temperature readings at various points in the system. TJ36-CASS
series are K-type thermocouples with rugged joint transition and can measure a wide
temperature range from -200°C to 1250°C (-328°F to 2282°F). Four thermocouples are
mounted inside the air bath to measure the temperatures of the air, core holder and the
injected fluid in the inlet and outlet pipes of the core holder. Two thermocouples are used
to measure the temperature of the injected fluid at the syringe ISCO pump and the room
temperature in the lab. The sensitivity of a K-Type thermocouple is approximately
40^V/°C. Experiment temperatures will vary from around 25°C to 120°C\ over which the
K-Type thermocouple output voltage is comparatively linear. The cold junction
compensation, CJC, is achieved in the ACHMS, which measures the room temperature
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from a precision centigrade temperature sensor, LM35, from National Semiconductor.
Each thermocouple is connected to an instrumentation amplifier for reducing the
common mode noise and the voltage is amplified with a gain of 250. The amplifiers are
connected to the data acquisition board, PCIe-6251, at dedicated analog channels shown
in Figure 17. T1 through T6 correspond to temperatures for Pump Injection, Core Inlet,
Core Outlet, Core Holder, Room (Lab) and Air Bath (Oven) respectively.

Figure 17. Thermocouple connection diagram.
U3 through U8 are instrumentation amplifiers, INA128, that provide the signal
conditioning and amplification.
Two sets of piezoelectric transducers are used to measure the propagation time of
the elastic waves through the rock samples. Each set consists of one compressional wave,
(P), and two shear wave, (S 1 and S2), transducers. The electrical connection is shown in
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f igure 18. The material of each transducer is ceramic PZT5A, which has a high dielectric
constant (approximately 1800), a dielectric loss tangent of'0.02 and a Curie temperature
of 360°C, (Waanders, 1901).

Figure 18. Electrical connections of PZT Crystals.
Since each disk has a thin layer of conductive material, usually silver, on both
sides for electrical connections, conductive epoxy is applied on the surfaces between
them. Besides holding the crystals together, epoxy allows the transmission of elastic
waves and provides a good electrical connection. The disadvantage of applying epoxy is
the introduction of another media for the waves to pass through, which can introduce
reflections and losses and alter the waveforms; therefore these layers are kept at a
minimum thickness.
A block of mass with similar acoustic impedance to the crystals is placed on the
back of the stack to reduce the vibrations traveling at the opposite side and reflecting
back, shown in Figure 19. This allows the mechanical waves to propagate in one
direction with minimum interference. Also, each set is mounted on the back and in the
center of a titanium plug. The titanium plugs, along with the transducers, are then
mounted in the piston and the cap ends of the core holder. The rock sample is aligned
between the titanium plugs for non-destructive testing and elastic measurements. The
plugs serve as a coupling medium and allow the ultrasonic waves to pass from the
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transducers to the rock and isolate the transducers from any confining pressures that the
rock sample is under during the experiments.

______

28 A W G Wires

□

P2T Crystals

W

Conductive Epoxy

□

Damping M ass

I"11
Figure 19. Titanium plug.
Each transducer, on the source side, is energized with an electric pulse with a l//.v
width (1MHz) near to the period of the resonant frequency. Figure 20 shows the
normalized excitation voltage pulse in the time domain and the frequency domain.

Figure 20. Electric pulse in a) time domain, and b) frequency domain.
Figure 20.a is acquired from channel 2 of the oscilloscope and Figure 20.b shows the
Fourier transform of the pulse signal.
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Since the sample lengths are between 30 to 55 mm and the ultrasound speed can
range from 1000 m/s to 6000m/s. the frequency of the ultrasound needs to be in the MHz
range in order to measure the velocities within 5% accuracy (Zeng and Roegirs, 2001).
The resolution of the measurement is usually proportional to the frequency of the wave.
The higher the frequency is the smaller the wavelength which yields better accuracy, but
rock media represents stronger attenuation to the waves of higher frequencies due to
dispersion of waves and traveling longer lengths. As a rule of thumb, wavelengths of
three times greater than the grain size of a rock matrix, but smaller than the diameter of
the transducers seem to present the best measurements (Bourbie, et al 1987). The
diameter of the PZT crystals is 0.875 inch and each PZT is excited with a negative pulse.
The pulse duration is \/us, and the amplitude is -13V.
4.1.2 Digital Oscilloscope and Data Acquisition
A digital oscilloscope, model TDS2014, from Tektronix Inc., is utilized to acquire
the waveforms from the piezoelectric crystals mounted in the core holder. The
oscilloscope consists of four channels with a bandwidth 100MHz and a sampling rate of
1.0GS/s. The digitized data consists of 2500 points for each channel, which are
transferred to the PC via a communication extension module, TDS2CMA, and the GPIB
controller for Hi-Speed USB 2.0, (NI GPIB-USB-HS) as shown in Figure 21.

Figure 21. Oscilloscope connection block diagram.
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The oscilloscope is configured for two channels, but all four channels could be
used in the future. Some modifications in the circuit board of the Control Box are
required to allow each receiving PZT crystal to be connected to each channel. The
receiving waveform from the piezoelectric transducer is connected to channel 1, and the
source pulses are sent to channel 2. Channel 1 is set at 200mV/div and channel 2 is set at
2V/div. The horizontal time scale is set at 10/rs/div which allows a window of lOOps to
measure the time delay of the propagating wave. With 2500 data points for each
waveform the time resolution between two data points is 40ns. The source waveform is
also used to trigger the oscilloscope acquisitions. The oscilloscope averages 64
acquisitions to smooth the waveforms. Both the source and receiver waveforms are sent
to the computer through the GPIB communication channel at a rate of 200kB/s.
Data Acquisition board (NI-DAQmx PCle-6251) from National Instruments, is a
high-speed multifunction M series designed for the PCI Express bus. It allows a transfer
rate of 2.50MB/s with dedicated bandwidth for each slot. It consists of 16 single (or 8
differential) analog input channels, two analog output channels and 24 digital I/O lines.
The resolution of analog input channels is 16 bits with a sampling rate of l.OOMS/s. The
input voltage range is ±10V with a maximum working voltage of ±1IV. Analog input
channels are used to acquire the signals from the pressure transducers and thermocouples.
Digital I/O lines can operate up to 10MHz and are individually programmable as input or
output, (National Instruments, 2006). Digital lines are utilized to generate the source
pulses for the PZT crystals and configure the switching source and receiver circuits.
Tables 1 and 2, show a list of analog and digital channels used and their corresponding
names.
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Table 1. Analog Channel Connections.
Nl-DAQmx PCIe-6251
Analog Channels
AID
All
AI2
A13
AI4
AI5
AI6
A17
A18
A19
AI10
All 1
All 2
All 3
All 4
All 5

Connected to

Channel Name

LM35
T1
T2
T3
T4
T5
T6
PT1
PT2
PT3
PT4
T7
T8
NC
NC
NC

Box Internal Temperature
Pump Injection Temperature
Core Inlet Temperature
Core Outlet Temperature
Core Holder Temperature
Room Temperature
Air Bath (oven) Temperature
Core Pressure In
Core Pressure Out
Axial Pressure
Radial Pressure
Spare thermocouple (not used)
Spare thermocouple (not used)
Spare for future use
Spare for future use
Spare for future use
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{'able 2. Digital Channel Connections.
NI-DAQmx PCIe-6251
Digital Channels
DO 0 (P0.0)
DO 1 (POT)
DO 2 (P0.2)
DO 3 (P0.3)
DO 4 (P0.4)
DO 5 (P0.5)
DO 6 (P0.6)
DO 7 (P0.7)
DO 8 (P 1.0)
DO 9 (P l.l)
DO 10 (PI.2)
DO 11 (PI.3)
DI 12 (PI.4)
DO 13 (PI.5)
DO 14 (PI.6)
DI 15 (PI.7)
DO 16 (P2.0)
DI/O 17 (P2.1)
DI/O 18 (P2.2)
DI/O 19 (P2.3)
DO 20 (P2.4)
DO 21 (P2.5)
DI/O 22 (P2.6)
DI/O 23 (P2.7)

Connected to

Channel Name

ICT -1
IC1-8
ICi-9
IC2-1
IC2-16
IC2-9
IC2-8
IC15-9
ICT 5-1
IC 15-16
LED - GREEN
LED - RED
AUX-1
ICT 6-1
IC 16-8
Switch
AUX-2
NC
NC
NC
R1
R3
NC
NC

P-Wave
SI-Wave
S2.-Wave
P-Wave Receiver
SI-Wave Receiver
S2~Wave Receiver
P-S Trigger
Intemal/Extemal
Internal P-Wave
Internal S-Wave
CHAN3 Indicator
CHAN4 Indicator
Oven Element
Trigger-Receiver-0
Trigger-Receiver-1
Maintenance Switch
Oven Door Switch
Spare for future use
Spare for future use
Spare for future use
P-Wave Source
S-Wave Source
Not in use
Not in use

The data acquisition board is connected to the Control Box with a two meter
shielded cable P/N: SHC68-68-EPM. Each analog and digital line is individually shielded
in twisted pair wires for reduced crosstalk. More information about the NI GPIB-USBHS, PCIe-6251 and SHC68-68-EPM can be found online at the National Instruments
website.
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4.1.3 Control Box
I he Control Box ! designed is the interface between the local computer and the
hardware sensors. A circuit board was designed arid mounted inside the Control Box
along with a power supply transformer, a fan and a front panel populated with
connectors. All pressure transducer, thermocouples, ISCO pump controller, PZT crystals
and the air bath are connected in the front panel. The circuit board diagram, shown in
Figure 22, demonstrates the circuit blocks for different functions. Appendix A-l shows
the printed circuit board (PCB) layout.
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P O W E R SU P P L Y
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SO U RCE
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1
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ADITIO NAL SW IT C H IN G
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SIG N A L CO ND ITIO NING
P R E S S U R E T R A N S D U C E R AND
T H E R M O C O U P L E C IR C U IT S

FRONT PANEL CONNECTIONS

Figure 22. Control box circuit block diagram.
The signal conditioning circuit and the source and receiver switching circuits are
separated from each other in order to reduce any possibilities of cross talk between the
digital switching lines and the analog signals. Analog signals coming from thermocouple
or pressure transducers are very weak and any small induced voltage from the switching
circuits can affect the temperature or pressure measurements. The source and receiver
switching circuits route the pulses and waveforms for each PZT crystal to the input
channels of the oscilloscope. The switching is controlled from the ACFIMS program and
the data acquisition board. ACHMS generates two independent continuous pulses with a
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customized duty cycle. One pulse is generated for P-wave and one for both S-waves.
Each pulse is inverted with two common emitter amplifiers to a negative voltage of -13V.
This negative potential is used to excite each PZT crystal. The switching circuit allows
only one crystal to be energized at a time and also connects a corresponding receiving
crystal to Channel 1 of the oscilloscope. Other combinations such as P-Sl, P-S2 or SlS2, etc. can be configured from the ACHMS. Figures 23 and 24 show the diagrams for
source and receiving switching circuits. Additional switching circuitry is included in both
source and receiving circuits. This was a later modification of the circuit board to allow
independent excitation of each PZT.
/T"-H

Figure 23. Source switching circuit diagram.
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Figure 24. Receiver switching circuit diagram.
The switching is accomplished with EMI shielded electromechanical reed relays,
from COTO Technology. IC1, IC2, IC15 and IC16 are analog switches, MAX4662, from
Maxim Integrated Products, which drive the relays individually. They serve as a buffer
between the data acquisition board (DAQ) I/O lines and the relays; therefore the DAQ
board is not loaded from the coils of individual relays. The circuit also allows for an
external function generator to be connected and provides the switching of this source for
each PZT crystal. The switching configuration is discussed in detail in the section 4.2.4.
The power supply circuit provides four regulated voltage sources ot ±15V and ±5V with
a maximum current of 1.5A. All the pressure transducers and the instrumentation
amplifiers are powered by +15V and ±\ 5V respectively. The other electronic components

are powered with +5V. A cooling fan is mounted in the back side of the box near the
power supply circuit, which provides a constant air flow inside the box and cools the
voltage regulator heat sinks.
The front panel of the Control Box is built with an aluminum plate 1/81" inch
thick. A drawing file with the dimensions was created in Solid Works and was
downloaded in the CNC machine to cut the connector holes accurately. The front panel
consists of three D-SUB connectors for serial, RS-2.32, and auxiliary connections, one
CPC connector used for eight thermocouples, six LEMO fast plug connectors for
pressure transducers and the PZT crystals, and 5 BNC connectors for the external source
and the oscilloscope channels, as shown in Figure 25. Having different connectors for
various sensors reduces the possibility of someone plugging a sensor to the wrong
connector and causing a sensor or system failure.

Two switches are mounted in the front panel, a push button that serves as the
main power switch and a toggle switch that provides a maintenance lock-out safety
feature. Since ACHMS can be run remotely from any personal computer connected to the
Internet, the maintenance switch can block the execution of the program if someone is in
the lab and is using or setting up the equipment for new experiments. LEDs are used as
indicators for the oscilloscope channels and the PZT crystals that are in operation.
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4.2 Software
l developed the Acoustic Core Holder Measurement System (ACHMS) in
LabVIEW 8.0 which runs under the Microsoft Windows XP Professional operating
system. All the drivers for subsystem communications and peripherals are also developed
in LabVIEW.
4.2.1 ACHMS Application
While ACHMS provides a user friendly graphical user interface (GUI), it
communicates with the Control Box, TDS2014 oscilloscope, ISCO pump controller and
Access database. It also performs digital signal processing and waveform analysis for
rock elastic properties and measurements for pressure and temperature. It controls the air
bath temperature and automatically records the data in a relational database. Since there
are many parameters being displayed for monitoring the experiment, the controls and
indicators are grouped in specific tabs. This organization of information is essential in
order to find the information quickly. An example of this is pictured in Figure 26.
Each tab consists of various indicators which provide information for a specific
set of properties. The P, SI and S2-Wave tabs show the corresponding waveforms, wave
velocities, time delays and a history chart of wave velocity during the experiment time.
The Sample Elastic Properties tab displays graphs for Young, shear and bulk modulus
and Poisson’s Ratio calculations from the wave velocities.. The System and Pump
Readings tab provides information about various temperatures, pressures and readings
from the pump controller, etc. Air bath temperature can be adjusted from the Oven
Settings controls which allow for temperatures up to 105°C (220°F).
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Figure 26. Acoustic Core Holder Measurement System (ACHMS).
ACHMS is implemented 10 run multiple modules simultaneously after
initialization. The block diagram is shown in Figure 27 and the source code is shown in
Appendix B -i. The initialize block establishes communication between the oscilloscope
and the 1SCO pump controller; creates new references for Access application
programming interface (API) and configures the data acquisition channels. It will open
two pop-up forms to allow the user to enter initial data for the experiment and select the
waveform definitions. Waveform definitions are portions of the waveforms which will be
traced by the Measure Wave Speed module to automatically calculate wave velocities.
Since experiments will run with different sample rocks under various conditions and due
to different solid frames of the rock these waveforms will have different profiles.

Therefore it is more reliable for the measurements to have these waveforms predefined at
the beginning of the experiment, rather than using predefined waveforms for all cases.

Figure 27. ACHMS block diagram.
Bypass Oscilloscope is an option for utilizing the ACHMS to measure only
permeability under various confining pressures and temperatures without processing and
recording any of the waveforms. The oscilloscope is disabled and the Wave Selection
Acquisition and Measurements block will not be executed.
The Source Pulses block generates custom pulses for energizing the PZT crystals.
This module controls digital lines DO 20 and 21, refer to Digital Channel Connections,
Table 2, which are also counter lines. These pulses are set to fos (1MHz) width and are
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repeated every 100ms. The pulse width can be adjusted to a minimum width of 100ns
(10MHz). The module runs continuously and independent of other parts of ACHMS until
the main stop button is pressed.
The Safety Features and Settings block provides some basic safety features, such
as shutting the oven down if the confining pressure reaches 5000 psi, or the core holder
temperature rises above the limit of 115°C. It can prevent the ACHMS from running if
the Control Box maintenance switch is turned ON, or if the oven door is open. Having the
safety features implemented in software is not the only way the system is protected. The
oven also has a thermo-switch preset at 118°C and a microswitch that senses if the door
is open, which automatically disconnect the power from the oven heating element. This
block is executed every second and monitors the system continuously. Other features
such as adjusting the oven temperature based on a custom scheduling scheme are
available, but require further implementation.
The Wave Selection, Acquisition and Measurements block enables the source
PZT crystals to generate the non-destructive seismic waves and the receiver crystals to
acquire the waveforms with the oscilloscope. This block allows for switching the crystals
to any combination and conducting measurements. Figure 28 sho ws the Wave
Acquisition block and the Elastic Properties block which are used to determine the elastic
properties of the sample rock as it is being tested during the experiment. Appending B-2
shows the block diagram in LabVIEW.

Figure 28. Wave Selection, Acquisition and Measurements block.

The Wave Acquisitions main function is to enable the switching circuits in the
Control Box to connect one PZT crystal at the source and one at the receiving end, send
acquisition commands to the oscilloscope to collect the waveform, and call the Measure
Wave Speed module to measure the wave propagation time and calculate the speed.
Figure 29 shows the Wave Acquisitions block diagram.

Figure 29. Wave Acquisitions block diagram.
The Measure Wave Speed module utilizes a pattern matching algorithm that
calculates the wave time delay. This algorithm is discussed in detail in section 4.2.2. The
Elastic Properties module uses the computed wave speeds to calculate Young Modulus,
Bulk Modulus, Shear Modulus and Poisson’s Ratio, which are each displayed in
individual graphs.
The System Pressure, Temperature and Pump Reading block continually acquires
the analog readings from axial and radial pressure transducers, injected fluid pressure
transducers and thermocouples. Pump readings are provided from the ISCO pump
controller through a serial, RS-232, communication channel. The pump controller

provides information for 3 different pumps. Currently there are only two pumps being
used. This block calculates the permeability of the rock computed from equation (21).
k=

Q'»u !

(21)

A-{P,n ~P0Ul)
where u is the fluid viscosity, Qm is the fluid flow rate, Pm and Pou, are the fluid pressures
at the inlet and outlet of the core, A is sample cross section area and / is the length.
Permeability is displayed in a graph under the Sample Analysis tab in units of m-Darcy.
The Data Logging block collects the measured and calculated values from the
previous two blocks and stores them in an Access Database. This block consists of action
queries, which are executed continuously until the main stop button is pressed. Further
details about this block are discussed in Data-Logging, which can be found in section
4.2.3.
The Air Bath Controller block maintains a constant temperature of the core
holder. This controller is comprised of a simple fuzzy logic algorithm. The temperature
can be adjusted at any time during the execution of ACHMS, and can be enabled or
disabled without interrupting the other block tasks. Further details of this controller are
explained in section 4.2.6.
The Stop Execution block is activated when all the blocks in the ACHMS are
done with their continuous execution. This block ensures all the digital I/O lines are set to
a low state, which disables all the switching circuits in the Control Box and the oven
controller switch. All the open references and the Access database instance are returned
to the memory. At this point if there are no errors during the entire operation of the
system this task will stop the execution of the ACHMS.
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4.2.2 Signal Processing
Since all the measurements are carried out in software, all the analog signals must
be converted to digital form. The quantization process is performed in the PCIe-6251
board. The readouts from the pressure transducers and thermocouple circuits are sampled
at a rate of lOkS/s and the amplitude is quantized with 16-bit resolution. 2000 samples
are sent to a buffer for each channel and a simple smoothing method is applied, as shown
in Figure 30. The pressure and temperature values do not change rapidly over time,
therefore during the digitizing period they are assumed to be constant. The average of the
values in the buffer is calculated and compensation coefficients are applied to convert the
data to proper measurement units. The transformation of data for each channel is linear
and is given in equation (22).

a

b

Figure 30. Transformation diagram for a single DAQ channel.

y \i]

j
N

■a[i] + b[i],

(22 )

where / is the AI channel, N is the size of the buffer, and a and b are the conversion
coefficients found during the calibration process. Taking the average of the data points
reduces the random fluctuations during acquisition and provides better measurements.
Collecting a larger number of data points improves the measurement, but also increases
the amount of memory used and the number of computations, which significantly extends
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the acquisition time for all the channels. Therefore the number of data points is kept to a
minimum without affecting the measurements.
Calculating the elastic properties of the sample requires the measurement of
compressional and shear wave velocities. This is achieved by measuring the time delay of
each wave traveling through the rock sample. An example of these acoustic waveforms is
shown in Figures 31, a, b, and c.
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Figure 31. Acoustic waves, a) compressional wave, b) vertical shear wave, and c)
horizontal shear wave.

The digital oscilloscope, TDS 2014, collects the raw signal and applies only a simple
smoothing operation of averaging over 64 acquisitions. These data are then sent to the
ACHMS which applies a 5-pole Butterworth band-pass filter with a center frequency

800kHz and a bandwidth of 800kHz to clean some of the noise. Figure 32 shows the
frequency spectrum of a filtered waveform.

Figure 32. FFT of a filtered waveform.
Figure 33, shows the block diagram for calculating the time delay using cross
correlation method.

^

correction

TIME
DELAY

Figure 33. Cross-Correlation method to measure the time delay.
A normalizing function is applied to the data to have values between -1 and 1. The
Defined Waveform block extracts only the primary wave, which is used as a template
waveform for measuring the time delay. This operation is made manually during the
Initializing step. The filtered waveform is also truncated in the front by a correction time
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amount since there is no relevant information from / = Otot = Atcomi.lim, and both the
template, a [a], and the truncated waveform, /?[*], are passed to a cross-correlation
function. The template waveform is padded with zeros to match the size of the truncated
waveform since cross-correlation requires arrays of the same size. Cross-correlation is
used widely in pattern matching algorithms, (Gonzales and Woods, 2002). At the point
where the template wavefonn matches most with a portion of the truncated wave there is
a maximum value from cross correlation. The index where this maximum is located
represents the first data point of the primary' wave that was selected as the template wave.
Therefore defining the template waveform must be consistent in order to achieve
consistent matches. Multiplying this index with the original waveform sampling time
gives the exact time delay of the propagating wave.
The cross-correlation is carried out in the frequency domain, where it is just a
multiplication of the Fourier transforms of both the template and truncated waveforms,
shown in equation (23):
a[x\°p[x\<?> A*[m]*B [ w],

(23)

where A*[u] is the conjugate of Fourier transform of the template and B[u] is the Fourier
transform of the truncated waveform. Implementing cross-correlation in the frequency
domain also results in faster execution and half of the amount of data points than the
cross-correlation in the time domain.
Earlier it was mentioned that an oscilloscope sampling time of 40ns enables the
cross correlation method to provide a theoretical accuracy of +/-40ns. One way to
improve this accuracy is to increment the sampling rate. Since the oscilloscope provides
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only 2500 data points, increasing the sampling rate will reduce the waveform window. In
order to maintain th ' same window of 100/<s, a re-sampling module is applied to the
truncated and template waveforms. This module adds additional data points between two
consecutive points using linear interpolatiot . Figure 34 shows the re-sampling and the
cross correlation performed in the frequency domain.
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Figure 34. Re-sampling and cross-correlation in frequency domain.
Figures 35 through 37 show the waveforms before and after the cross-correlation.

Figure 35. Truncated wave. Start and Stop cursors are used to define the template wave.

Figure 36. Template wave.
47

Figure 37. Cross-correlation output data of truncated and template wave.
4.2.3 Data-logging (Access Database)
Data-logging is implemented in a Microsoft Access Database. The Access
database has the capacity of storing up to 2GB of information and has virtually no limit to
the number of records. Once this quota is reached the experiments need to be stored in a
new database. The database consists of four tables. Since the information is recorded in
real time each table has a time field. Also, information in each table is not stored at the
same time. ACHMS has different recording schedules for each table. Information is
organized as shown in Figure 38. The main table is updated once at the start of the
experiment. After the experiment is in progress the other tables are updated automatically
from ACHMS. For example, sample wave speeds are calculated every 20 seconds and
stored in tblSampleMeasurements table every 1 to 10 minutes.
Waveform information consists of waveforms acquired from the digital
oscilloscope which contain 2500 data points. For every wave speed calculation a
corresponding waveform is stored in tblWaveform Data. System and pump readings are
stored in tblSystemAndPumpData every 3 seconds. Figure 39 shows the database tables
and corresponding fields.
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blMam

Figure 38, Table relationships.

3 Time Stamp
Remaining Volume A
Flow In (Qin) A
Pump A Pressure
Remaining Volume B
Flow In (Qin) B
Pump B Pressure
Remaining Volume C
Flow In (Qin) C
Pump C Pressure
Injection Pump Temeperature
Core Pressure In
Core Pressure Out
Input Temperature
Output Temperature
Core Holder Temperature
Room Temperature
Oven Temperature
Permeability
Axial Pressure
Radial Pressure
Temp 1
Temp 2
Comments
mID

Figure 39, Access Database tables.
Each experiment is assigned one unique ID at the main table, which is used as a
ference for each record at other tables as mID. The relationships between tblMain and
1SystemAndPumpData and tblSampleMeasurements and the relationship between
ISampleMeasurements and tblWaveformData are one-to-many. One record in the
trent table has many depended records in the child table. This kind of relationship
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between the data in each table provides a compact way to store information which can
also be queried very efficiently.
ACHMS communicates with the Access database by the use of ActiveX controls.
ActiveX controls provide a communication channel between different application
programming interfaces (APIs). Each API has its own set of methods and properties and
ActiveX allows them to be executed from different APIs, so that the data can be shared
easily. The diagram shown in Figure 40 creates two references, one for the Access
application engine and one for the current open database. These references are used from
other modules to execute SQL statements for appending data to the tables or retrieving
information from the tables. This module is executed once during the initialization of
ACHMS and maintains the references available in memory until ACHMS is stopped.
Another module is required to close these references and return the memory back to the
heap; otherwise Access will remain open and may cause problems between the operating
system and other APIs.
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Figure 40. Open and Close Access API modules in LabVIEW.
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Figure 41 shows a simple example how LabVIEW creates an instance of a
database, inserts data to a specific table and closes the instance.

Figure 41. Example of using Access database in LabVIEW.
The middle module executes an action query, which appends the values from the
System and Pump Readings cluster to the tblSystemAndPumpData table. Details of
action query implementations are included in Appendix B-3.
4.2.4 Communications (GPIB, RS-232, Control Box)
Communication between the digital oscilloscope and the computer is
accomplished through the General Purpose Interface Bus (GPIB). Both the GPIB
controller and TDS2CMA module use the IEEE 488.2-1987 protocol, (IEEE, 1987). The
oscilloscope responds to a series of commands and queries that are sent from the
computer. A list of all commands and queries are explained in detail in the programmer’s
manual (Tektronix, 2006). A virtual instrument, named TDS2014, is created in the
Automation and Measurements Explorer Application. This name is used as the reference
resource name in LabVIEW for the drivers to communicate with the specific instrument
or device. LabVIEW uses the Virtual Instrument System Architecture (VISA) I/O
standard to communicate with the GPIB, VXL serial and other interfaces. The reference
resource name allows the VISA-open module to create an instance of the device,
TDS2014, connected to the computer. Other VISA modules such as VISA-write, VISA51

read. etc. arc required to communicate with TDS2014, (National Instruments, 2007). The
commands and queries are transmitted to the oscilloscope using the enhanced American
Standard Code for Information Interchange (ACSII) character encoding.
ACHMS initializes the driver with the reference name and creates a
communication channel between the oscilloscope and PC. A set of commands to setup
the oscilloscope settings is sent during the initialization. These allow the oscilloscope to
perform acquisitions with identical settings between different experiments. Refer to
Appendix B-4 for these commands.
The communication between the ISCO D-Series Pump controller and the
computer is carried out via a serial communication port. The controller has a built-in RS232-C serial interface which allows a computer to remotely control it. DASNET
communication protocol permits up to seven D-series controllers to share a single RS-232
port. DASNET protocol has its own set of commands which can be found in the
operation manual, (Teledyne ISCO, 2005). The driver that utilizes DASNET is
implemented in LabVIEW as well and uses the VISA standard. A library with files for
the driver was provided from the manufacture from which one main application file was
modified to allow ACHMS to communicate properly with the pump controller. The
modification consists of creating an initializing file named init.vi and modifying the
Panel.vi module. Initializing block in ACHMS calls init.vi once, which provides the
controller instance to the Panel, vi module. The controller can run up to four pumps, but
the Panel, vi module is capable of receiving information only for three pumps. Appendix
B-5 has greater detail of information about the source code.
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The communication between the ACHMS and the Control Box is performed
through the data acquisition board, PC Ie-625 i , utilizing the analog channels and digital
I/O lines. The digital lines are used to control the switching circuits to enable the
excitations of PZT crystals on the transmitting and receiving ends. A packet of 12 bits is
sent to the control box to perform the switching. The order of these bits depends on how
the I/O lines are configured in the DIO Setup, vi module; therefore other binary patterns
might perform similar functions. Currently, the DIO Setup module consists of the
following order of I/O lines, shown in Table 3.
Table 3. Configuration channels of switching I/O lines.
Bit

I/O
Lines

Name (switching description)

0

0.0

P-Wave (Enables P-Wave source to connect to P-wave crystal)

1

0.1

SI-Wave (Enables S-Wave source to connect to SI-wave crystal)

?

0.2

S2-Wave (Enables S-Wave source to connect to S2-wave crystal)

3

1.0

Internal P-Wave (Enables internal P-wave source)

4

1.1

Internal S-Wave (Enables internal S-Wave source)

5

0.7

Internal/Extemal (Enables external source)

6

0.3

7

0.4

8

0.5

9

0.6

10

1.5

Trigger-Receiver-0 (Enables SI or S2 both source and receiver crystals)

11

1.6

Trigger-Receiver-1 (Enables P or S waves for both source and receiver
crystals.)

i.

P-Wave Receiver (Enables P-wave receiving crystal to connect to
CHAN 1) NO LONGER USED
SI-Wave Receiver (Enables SI-Wave receiving crystal to connect to
CHAN 1) NO LONGER USED
S2-Wave Receiver (Enables S2-Wave receiving crystal to connect to
CHAN 1) NO LONGER USED
P-S Trigger (Enables CHAN2 to be used as trigger from F or S wave
source)
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Refer to figures 23 and 24 to see how these lines control the switching ofPZT
crystals on both core holder ends. Lines 0.3, 0.4 and 0.5 are no longer used due to
modifications to the circuit board.
The switching is carried out from the Enable Crystals block, shown in Figure 29,
which sends the binary code to the Control Box. ACHMS is setup for P-P, SI-SI and S2S2 measurements, but other combinations are possible. The binary pattern for the current
switching combination using only an internal source is shown in Figure 42. Bits 6
through 8 are set to the low state, but even in the high state they do not change any
settings for the measurements, due to the later modifications in the circuit board. These
bits can not be used anywhere else since they are hardwired in the circuit board. A new
circuit board design can free them up for new usage.

Figure 42. Switching binary patterns for measurements.
The remaining digital lines are used independently for other functions, such as
controlling the oven heating element, or are connected to safety switches only for
monitoring purposes.
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4.2.6 Air Bath Temperature Controller
A temperature controller for the air hath oven is implemented in LabVIEW
utilizing fuzzy logic techniques. The motivation to use a fuzzy logic based controller
comes from the fact that fuzzy logic reasoning is a simple form of an expert system,
where the system makes decisions by inferring available data and rules (Tsoukalas and
Uhrig, 1997). A thermocouple is used to measure the current temperature and provide the
feedback signal for the controller. The measured temperature is used to derive the
temperature error, Termr, and the change in temperature, A T , between acquisitions. Since
the output from the fuzzy controller has an analog value that varies from -1 to 1, it is
converted to a pulse width modulation (PWM) in order to control the switching of the
heating rlement by applying a threshold value greater than zero. The block diagram of
the controller is shown in Figure 43.

Figure 43. Oven temperature controller block diagram.
Equations (24) and (25) are used to calculate the inputs for the fuzzy logic controller
from the set temperature and the thermocouple measurement.
T
=
1 error

tthermocouple

and
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- T set

(24)

A7' = — T = T (i) - 7’ (/ - 1)
dt

(25)

The two inputs and output are initially fuzzified by assigning an appropriate value
to each fuzzy membership function. Since both inputs and the output are described by
linguistic variables, the arguments are modeled by fuzzy sets, also called fuzzy values.
Each argument is defined by its own membership function. Table 4, shows the linguistic
variables along with their corresponding arguments. Because the system doesn’t require a
high level of complexity the number of arguments does not need to be large. The main
goal is to keep the Terror and dT/dt close to zero; therefore the membership functions for
each argument are “symmetric” around the zero value.
Table 4.4. Linguistic variables.
1error
NE T (negative Terror)
ZET (zero Tenor)
PO T (positive Terr0r)

dT/dt
NDE T (negative dT/dt)
ZDE T (zero dT/dt)
PDE T (positive dT/dt)

Output
NEo (negative Output)
ZEo (zero Output)
POo (positive Output)

Membership Functions for fhe linguistic variables are shown in Figure 44, a, b
and c.
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A simple while loop with all the fuzzy logic modules can be implemented. The
oop runs independently every one second, during this period, it measures the
hermocouple temperature and performs the fuzzy logic rules. The controller is
implemented with two graphical user interfaces (GUIs). One is integrated within the
ACHMS and the other runs as a separate application, which is used in cases where only
the air bath is required. The LabVIEW module is shown in Appendix B-6.
The oven has a considerable air volume that surrounds the core holder and is
heated constantly without the aid of a fan; therefore it takes a little time for the air to
reach the set temperature. Figure 45 shows a case where the temperature is set at 98.8°C
(210°F), and the transient time is around 10 minutes. The temperature doesn't overshot
by much and it reaches the steady state fairly quickly. Figure 46 shows when a
disturbance is applied to the controller. In this case the door was open for few minutes
and closed back again.
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Figure 46. Introduction of some disturbance.
The temperature ripples (approximately 5°F) during the steady state are due to the
distance gap between the heating element and the thermocouple. They may also be due to
the universal discourse of the dT I at variable.
4.3 System Calibration
In order to avoid inaccurate measurements it is important that the system is
calibrated frequently. This is usually done with a known reference value and compared
against the sensor reading. Over time, most of the sensors will drift from their original
reading due to temperature effect and their state of operation. This change could be linear
but in most cases is a nonlinear effect. In either case their readings must be compensated
either through modifications in the signal conditioning circuits or through the software.
Usually, it is more convenient to modify the digital reading through software rather than
changing the hardware every time some sensor drifts.
As mentioned above, the system consists of pressure transducers, ultrasonic
transducers, temperature sensors, data acquisition board PCIe-6251, ISCO Syringe pumps
and the TDS2014 digital oscilloscope. Each of these devices needs calibration and some
of them have built-in calibration functions. The data acquisition board PCIe-6251 and the
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I DS20J4 have internal calibration modules for improved measurement accuracy. The
manufacture recommends that the TDS2014 oscilloscope be calibrated every time there is
a temperature change of 5°C or more in the operating environment. The calibration of the
oscilloscope can be done in two different ways. One is a manual method by using the
control buttons in the front pane! of the oscilloscope and pushing the UTILITY button,
then selecting the Do Self Cal option from the option buttons and following the
instructions on the screen (Tektronix, 2002). The other method is done remotely through
the PC using the GPIB communication commands (Tektronix, 2006). These commands
can be executed under the National Instruments Automation and Measurements Explorer
Application in the configuration plane. Select My System—^Devices and
Interfaces—>GPIB0 (GPIB-USB-IIS)—>InstrumentO (TDS2014). Then in the toolbar
menu click on the button Open Visa Test Panel. A form with a caption GPIB::! ::INSTR
will pop up and in the Write tab enter the command “*CAL?\n” and execute. The
oscilloscope will go through its self-calibration routine and since this command is also a
query it will respond with a PASS or FAIL message back at the Read tab under the
Buffer textbox.
Also, the calibration of the PCIe-6251 is done through the National Instruments
Measurement and Automation Explorer Application. Under the configuration plane
component tree, My System—^Devices and Interfaces—>NI-DAQmx Devices—»NI PCIe6251: “Control Box”, right-click with the mouse and in the shortcut menu select Self
Calibrate. At this point the cable between the data acquisition board and the Control Box
should be disconnected. A calibration wizard form will pop-up which will guide the user
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through the entire calibration process. This calibration process is recommended by
National Instruments at least twice a year.
Each 1SCO syringe pump has three sensors, which the controller uses for pump
operation and also reports their readings to the ACHMS for other measurement
calculations. Pump pressure, remaining volume and flow rate sensors are calibrated from
the manufacturing plant. The read out for each sensor is already provided in a digital
format, therefore no conversion is necessary. Also the pressure transducers are calibrated
using the readout from the pump as a reference.
Calibration of pressure transducers is performed in the lab using the ISCO pump
and the Calibration Module program. The ISCO pump provides a specific pressure and
the Calibration Module does the acquisition of the voltage output for each pressure
transducer. After a set of data is collected, a linear curve fitting scheme is applied to
calculate the coefficients of a line function, y - a x - b which are entered in the individual
conversion modules. Figure 47 below shows voltage acquisition for each pressure
transducer versus the ISCO pump pressure.
V o lt a g e r e a d in g v s. P r e s s u r e

Figure 47. Voltage acquisition of each pressure transducer.
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I he coefficients a and b are found from the data coilected and their results are
presented in ! able 5. These coefficients are used in equation (22) in signal processing
rountines described in section 4.2.2.
Table 5, Calibration coefficients for pressure transducers.
Pressure Transducer
P-in
P-out
P-axial
P-radial

a
1250
1250
2000
2000

b
1244.50
1245.38
2020
2005

A similar procedure is followed for each thermocouple and the resulting
coefficients presented in Table 6.
Table 6. Calibration coefficients for thermocouples
a
100
100
100
100
100
100

Thermocouples
Pump Injection Temp
Core Inlet Temp
Core Outlet Temp
Core Holder Temp
Room Temp
Air Bath Temp

b
19.40
18.25
17.90
17.01
17.60
16.27

Calibrating the core holder transducers can be performed in several different
ways. Since this calibration involves measuring the correction time delays for titanium
coupling, one could attach both titanium plugs head to head and measure the time delay
for each wave. This requires an almost perfect alignment and some external coupling
paste to allow waves to propagate with minimal loss. Another method is to use a known
homogenous material, such as aluminum or steel, and prepare two cylinders one inch in
diameter at two different lengths. Each cylinder can be placed inside the core holder with
a confining pressure between 500psi to 2000psi, which ensures better surface attachment
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between the sample and the titanium plugs. The total time delay is then measured for
each wave.
^ ^ total,/

sam ple,i

^ c o r r e c t i o n ,/

/,
l2
V,, = v2, =>
=
'
TDU TD2i

(26)

(27)

substituting equation (26) to (27) and solving for Atcnmclmni is given by equation (28)
' 2, r e . , - W
^

,

correction i

(28)

K -K t
where i is P, SI or S2, and /; and l2are the sample lengths. Each wave has its different
correction time. Table 7 lists the correction times for the P, SI and S2 waves measured at
700psi confining pressure and room temperature.

Table 7, Titanium plugs correction times.
Wave
P
SI
S2

& correction (t*)
16.06111
27.83136
27.28077

Another more accurate method is to consider the temperature effect on these
correction times. At higher temperatures there is going to be some thermal expansion of
the material, which is going to affect the propagation time delay of the waves. In order to
do this correctly, the sample cylinders should be made out of titanium or material similar
that of the, otherwise measurements will be inaccurate. Due to lack of this material,
calibration of the system is currently attained only with two aluminum samples at 700psi
and at room temperature. The current calibration method introduces some errors in
velocity measurements for temperatures higher than the room temperature.
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CHAPE TR 5
EXPERIMENT RESULTS
5.1 System Measurements
Five different aluminum samples with different lengths were tested under 500psi
radial pressure and 700psi axial pressure at room temperature 65°F. The motivation for
this experiment was to acquire some measurements about the velocities and derive some
statistical analysis from different sample lengths. Each sample was tested for one hour
and ACHMS was set to record the velocities every minute. The system collected
approximately 60 data points for each sample and the mean and standard deviation were
calculated for each velocity. Tables 8 through 10 show the average, standard deviation,
and maximum and minimum values for each wave. Also vertical and horizontal shear
wave velocities are not the same, which shows the aluminum is not homogenous. Figure
48 shows the plots of average velocities with the standard deviation error for each wave.
Table 8, Aluminum compressiona! wave velocity statistics.
m ax of V p

m in o f V p ( m /s )

S a m p le L e n g th (m m )

A v g o f V p (m /s )

S t D o f V p (m /s )

2 6 .9 0

6 6 3 3 .6 5

7 .9 6 3 6

6 6 5 2 .0 0

6 6 1 4 .3 8

3 4 .9 8

6 6 8 0 .6 1

7 .0 0 0 7

6 6 9 4 .7 3

6 6 6 0 .3 2

4 5 .3 0

6 6 2 9 .6 3

5 .6 4 8 0

6 6 4 2 .3 3

6 6 1 2 .2 8

4 9 .3 0

6 5 7 5 .3 8

4 1 .7 1 0 4

6 8 9 6 .9 6

6 5 4 8 .9 8

5 3 .1 3

6 6 3 1 .7 5

5 .2 9 6 1

6 6 4 6 .3 2

6 6 1 8 .1 7
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(m /s )

fable 9, Aluminum vertical shear wave velocity statistics.
A v g of V s1
( m /s )

S tD o f V s1
( m /s )

m a x o f Vs1

S a m p le L e n g th (m m )

(m /s )

( m /s )

2 6 .9 0

2 7 9 0 .6 6

2 .2 7 8 5

2 7 9 8 .6 9

2 7 8 5 .6 5

3 4 .9 8

m in o f V s 1

2 8 3 3 .0 4

2 .2 1 9 9

2 8 4 2 .7 5

2 8 2 7 ,1 2

4 5 .3 0

2 7 9 4 .0 5

1 4 .3 8 6 9

2 8 9 7 .7 8

2 7 8 7 .0 7

4 9 .3 0

2 9 5 1 .6 6

1 1 .7 1 3 5

3 0 4 1 .6 1

2 9 4 5 .6 3

1 .6 5 0 8

2 8 4 7 .4 7

2 8 3 7 .2 9

5 3 .1 3

2 8 4 1 .9 1

Table 10, Aluminum horizontal shear wave velocity statistics.
Avg of V s2

S tD o f V s 2

m ax of V s2

S a m p le L e n g t h (m m )

( m /s )

(m /s )

(m /s )

m in o f V s 2
(m /s )

2 6 .9 0

3 1 3 2 .4 2

3 .1 6 4 8

3 1 4 2 .4 4

3 1 2 3 .4 6
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Figure 48. Plot of standard deviation error bars for a) compressional wave velocity, b)
shear wave velocities.
The variations of velocities for Afferent lengths are due to the coupling between the
titanium plugs and the surface of samples.
5.2 Temperature Effect
Three different

periments with three sample materials were tried under a constant

confining pressure in a varying temperature environment. One steel sample with length
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50mm, one Dakota sandstone sample with iength 50.74mm and one Indiana limestone
sample with length 45.96mm were placed in the core holder under a confining pressure of
3000psi. The oven was turned ON to reach a temperature of 65.5°C (150°F). No fluid
was injected: therefore samples were considered dry. The confining pressure was
maintained constant as the temperature was changed and the compressional and shear
wave velocities were measured. Figures 49 through 51 show the plots for velocities
versus temperature for each sample. From observing the plots, the change is moderately
small, and the temperature has the largest influence on Dakota sandstone and the least
effect on the steel sample. This change is due to the thermal expansion between the
different particle grains in the solid matrix. Steel is denser and contains a better
distribution of elements compared to Dakota sandstone and Indiana limestone.
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Figure 49. Steel Sample, speed vs. temperature.
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Figure 50. Dakota Sandstone, speed vs. temperature.
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Figure 51. Indiana Limestone, speed vs. temperature.
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5.3 Velocity Measurement on CO2 Saturated Indiana Limestone
This experiment involves the measurement of velocities during the phase change
of CO2 in a saturated Indiana limestone sample. In order to create the phase change the
sample is initially saturated with liquid CO2 at room temperature, Tr. around 65°F and
then heated up to, Tg, 100°F. The pressure of injected CO2 is 1100 psi and according to
the Pressure-Temperature phase diagram of CO2, the phase change is around the 88°F
point as shown in Figure 52. The system is set-up to maintain a constant injection rate of
CO2 at 0.5rrd/min and automatically change the temperature from Tr to Tg. The confining
pressure is maintained constant at 3200 psi.

Tr
T e m p e ra tu
re ? c
~

Tc)

Figure 52. P-T Phase Diagram of CO2 (Fahlman, 2002).
The core holder temperature is measured instead of the core sample since there is no
thermocouple mounted inside the core holder. The core holder was initially heated and
then cooled. This process was repeated twice. Figures 53 through 56 show plots of the
core holder temperature and the velocities for each wave.
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Figure 53. Compressional wave velocity during phase transitions for Indiana Limestone
saturated with CO2.
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Figure 54. Vertical shear wave velocity during phase transitions for Indiana Limestone
saturated with CO?.
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Figure 55. Horizontal shear wave velocity during phase transitions for Indiana Limestone
saturated with C02.
The change in velocities during these phase transitions of the saturating fluid
(CO2) from liquid to supercritical state and from supercritical state to liquid in Indiana
limestone shows that the density of CO2 is changing. This change is approximately 1.5%
for velocities for each wave. A similar experiment with CO2 saturated Indiana limestone
which maintained the core holder temperature around 88°F and flow rate of 0.5mi/min
did not show large variations in wave velocities. In fact the overall velocities remained
unchanged on average. Figures 56 (a), (b) and (c) show these velocities when core holder
temperature was kept around the critical point (88°F). The disadvantage is that the real
core temperature is impossible to measure directly. During the injection of CO2, the
temperature of core sample might be changing and the phase changes of CO2 are not
easily detectable unless there is considerable change in velocity measurements.
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Figure 56. Wave velocities of CO2 saturated Indiana limestone at the critical point
for a)cornpressional wave velocity, b)vertical shear wave velocity and c)horizontal shear
wave velocity.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
A novel non-destructive testing system for measuring the elastic properties of
sample rocks under various geological conditions has been built. Utilizing piezoelectric
transducers to generate and receive seismic waveforms to measure compressional and
shear wave velocities provides a reliable method for observing changes in elastic
properties when CO2 or other fluids are injected into the core. The seismic waveforms,
the velocities and the permeability are measured and recorded continuously. The
Young’s, bulk and shear moduli and Poisson’s ratio properties were also measured during
different phases of CO2 injection under varying confining pressures and temperatures.
My design of the Control Box and the implementation of the Acoustic Core
Holder Measurement System was one of the main achievements for this project. The
Control Box allows the equipment to be portable with a minimum setup time, and the
ACHMS allows the user to access the data and control the system from any computer
connected on the Internet. The system carries out multiple functions such as controlling
the experimental confining pressure and temperature conditions, measuring various
parameters and records them continuously. ACHMS is capable of executing these
laboratory experiments for extended time periods with a minimal personnel attendance.
The maximum standard deviation error conducted on aluminum samples was about 42
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(m/s), which yields an error about +/-0.6%. The cross correlation method can have an
accuracy of measuring the lime delay up to +/-lns.
Although, there weren't enough experiments to develop new theoretical concepts
about C 0 2-rock system interactions, a good amount of system testing and improvements
were conducted. The velocity change measurement due to temperature was minimal as
the observations on Dakota sandstone and Indiana limestone were made. Waveform
velocities on CO2 saturated Indiana limestone were measured and changes of 1.5% were
observed during the phase transitions of CO2 from liquid to supercritical state and vice
versa. More experiments with other samples can support these results and also may
necessitate further modifications of the system to determine other criteria for CO?-rock
interactions.
During various testing it was observed that for samples with un-flat surfaces Pwave was very weak and sometimes the system was not able to trace it. Also as fluid was
injected it impacted the amplitude of the P-wave, therefore a stronger P-wave must be
generated. This can be accomplished by applying a higher voltage at the common emitter
amplifiers at the source switching circuits in future experiments. Also, the P-Wave source
and S-Wave source amplifiers need to be modified such that they can allow for switching
of higher frequency pulses.
While coupling of the rock sample with the titanium plugs is strongly relat ed to
the attenuations of the waveforms, the conductive epoxy between the PZT crystals plays
an important role as well. It is imperative that the bonding between the PZT crystals
remains intact during large temperature changes and extended experiment hours. A large
amount of time was spent in gluing these crystals together due to epoxy breakage.
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Conducting experiments to develop a criterion to use Biot's theory for measuring
the porosity via the fast and slow congressional waves is one of the future topics that can
be implemented in the ACHMS. As CO2 is reacting with the minerals in the solid matrix
there will be changes in the porosity, and being able to identify these changes might
convey a better understanding of how sample rocks react with various fluids being
injected. Also, the porosity can be measured from Wyllie equation (Bourbie, 1987) where
both the velocity of the solid rock and the velocity of the fluid are known.
The Control Box has been modified multiple times due to the adjustments on the
acoustic piezoelectric crystals in the core holder and the added safety features in the
system: therefore the initial design of the circuit board :

!ougc« meal. A new design of

circuit board will free up few digital channels that can be used for other controlling
functions through the auxiliary connector. The pulse source and receiving traces on the
circuit board are recommended to be grouped with guard traces connected to ground.
This might reduce some of the noise generated from the receiving crystals during the
excitation time.
The titanium plugs can be modified to allow a thermocouple to be mounted inside
and closer to the core sample in order to measure the temperature of the injected fluid and
the sample being tested more accurately. The current setup allows only for temperature
measurements of the fluid flowing in and out through the steel pipes, which are far from
the core.
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APPENDIX A

HARDWARE DIAGRAMS

A-1 P C R Layout

V

M

\

'

1

-> 1
’a

A

The circuit board size is 5x7 inches. The dielectric material is FR4 and it consists of two
copper layers. Red traces belong to the bottom layer and green traces belong to the top
layer.
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A-2 P-wave and S-Wave Source Switching Amplifier

+15V

,>50
<>

22nF
To PIT Crystal

DO Line

0-<

l

liA A /V ^ v \/V

The source switching amplifier consists of a power Darlington transistor, TIP 121, one 50
ohm resistor and one 22nF capacitor.
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APPENDIX B

SOFTWARE CODE

B-l ACHMS Block Diagram in LabVIEW
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B-2 Wave Acquisition Module and Elastic Properties Module
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B-3 Action Query implemented in Lab VIEW

The SQL Statement representation that this module generates is given as shown below:
INSERT INTO tblSampleMeasurements (idTime, [Original P Wave], [Filtered P Wave],
[Original SI Wave], [Filtered SI Wave], [Original S2 Wave], [Filtered S2 Wave],smID)
VALUES ( ‘#xx#’, ‘x x ’, ‘xx 'x x ’, ‘x x ’, ‘x x ’, 'xxi ‘x x ’) ;
where ‘xx’ represents a decimal value converted to a string format.
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B-4 Oscilloscope Settings Commands

These commands are sent initially to the oscilloscope prior starting the acquisitions. To
access the definitions of each command refer to Tektronix Programmer’s Manual.
T E A D E R ();:VFRBOSE 1;
D A TA:EN CD G R PB IN A R Y ;D EST IN A TIO N R E F A ;S O U R C E C H2;START 1;STOP 2500;WIDTH 2;
LO C K NONE;
D I5 P L A Y P O R M A T YT;STYLE V E C T O R S ;P E R S IS T E N C E 0;C O N T R AST 50;INVERT OFF;
A C Q U IR E M O D E A V ER A G E;N U M A V G 64;STATE 1;ST O PAFTER RU N STO P;
CH1 P R O B E 10;SCALE 2.OE-1 P O S IT IO N -1.72EO;COUPL!NG AC;BANDW IDTH OFF;IN VERT OFF;
C H 2 .P R O B E 1 ;SCALE 2,OEO;POSITION 2.48EO;COUPLING AC;BANDW IDTH OFF;IN VERT OFF;
C M 3 P R O B E 10;SCALE 5.0E-1 P O S IT IO N O.OEO;COUPLING DC;BANDW IDTH OFF;INVERT OFF;
C H 4 P R O B E 10,S C A L E 5.0E-1 P O S IT IO N O.OEO;COUPLING DC;BANDW IDTH OFF;INVERT OFF;
H O RIZO N TAL:VIEW M AIN ;M AIN :SCALE 1,OE-5;POSITION 3.96E-5;
H O R IZO N T A L:D ELA Y :SC A LE 1 OE-5;POSITION 3.96E-5;
T R IG G ER :M A IN :M O D E AU TO ;TYPE ED G E;H O LD O FF:V ALU E 5.0E-7;
T R IG G ER :M A IN :ED G E:SO U R C E CH2;COU PLING D C ;SLO P E RISE;
T R IG G ER :M A IN :V ID E O :SO U R C E C H 2;SYN C F IE L D p O L A R IT Y N O RM AL;LIN E 1 S T A N D A R D NTSC;
T R IG G E R :M A IN :P U L SE :SO U R C E CH2;W IDTH:POLARITY PO SITIV E;W H EN EQUAL;W IDTH 1.0E-3;
TRIG G ER :M AIN :LEVEL -2.6E0;
SELECT:CH 1 1;CH2 1;CH3 0;CH4 0;MATH 0;REFA 0;R EFB 0;R EFC 0;REFD 0;
C U R S O R P U N C T IO N O F F ;S E L E C T :S O U R C E C H 1 ;
C U R SO R :V B A R S:U N IT S SE C O N D S;P O SIT IO N 1 1.2E-6;POSITION2 2.2E-5;
C U R SO R :H B A R S:P O SIT IO N 1 -8.8E-2;POSITION2 -4.8E-2;
M E A S U R E M E N T :M E A S1 T Y P E N O N E ;SO U R C E CH1;
M E A S U R E M E N T :M E A S2 :T Y P E N O N E ;SO U R C E CH1;
M E A S U R E M E N T :M E A S3 :T Y P E N O N E ;SO U R C E C H 1 ;
M E A S U R E M E N T :M E A S4 :T Y P E N O N E ;SO U R C E CH1;
M E A S U R E M E N T :M E A S5 :T Y P E N O N E ;SO U R C E CH1;
M E A SU R E M E N T :IM M E D ;T Y P E P E R IO D ;S O U R C E C H I;
M ATH :D EFIN E "CH1 - CH2";FFT:HORIZONTAL:PO SITION 5.0E1 ;SCA LE 1.0E0;
M ATH :FFT:VERTICAL:POSITIO N 0.0E0;SCALE 1.0E0;
H A R D C O P Y P O R M A T B M P p O R T C EN T R O N IC S;LA Y O U T PO R T R A IT ;IN K SA V ER OFF;
LAN G U AG E ENGLISH;
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Lab VIEW Implementation

This diagram shows the LabVIEW module to send the commands to the oscilloscope.
D e fa u lt S e t u p S tr in g

______

'.VERBOSE 1;
:DATA:ENCDG R P8IN ARY;DESTINATION R E F A; SOURCE
CH2;START 1;STO P 2500; WIDTH 2;
C O C K NONE;
:DI5PLAY:FORM AT YT;STYLE V ECTO RS;PERSI5TEN CE
O jCONTRAST 5 0 ;INVERT O FF;
:ACQ U IR E M O D E AVERAGE; NUMAVG 64;STATE
l;S T O P A F T E R RUNSTOP;
:CH1 :P
£ 10; SCALE 2.0E-1;PO SITIO N 1,72E0;COUPLING
ANDW IDTH O FFjIN VERT OFF;
:CH2:PROBE IjS C A L E 2 .. IM P O S IT IO N 2 .48E0; COUPLING
ACjBANDW IDTH O FFjIN V E R T O FF;
:CH3: PROBE 10;SCALE 5 ,O E -ljP O S IT IO N
O.OEOjCOUPLING D CjBANDW ID TH O FFjIN VE R T OFF;
:CH4:PROBE 10;SCALE 5 .0 E -l;P O 5 IT IO N
0.0E0;CO UPLING D CjBANDW ID TH O FFjIN VE R T OFF;
:HORIZONT A L :VIE W MAIN; MAIN: SCALE 1 ,OE-5;POSITION
3.96E-5;
:H 0R I20N TAL:D ELAY:SCALE 1.0E-5;PO 5ITIO N 3.96E-5;
:TRIGGER;M AIN:MODE AUTO;TYPE EDGEjHOLDO FF:
VALUE 5.0E-7;
:T R IG G ER:M A IN :ED GE:SO UR CE CH 2;CO U PLING D CjSLO PE
RISE;
:TRIGG ER:M A IN :V ID EO :S O U R C E CH2; SYNC
FIELD jPO LARITY NORM ALjLINE 1;STANDARD NTSC;
:TR IG G ER:M AIN :PU LSE:SOURCE CH2; W ID TH :POLARITY
PO SITIVEjW H EN EQUAL; W IDTH 1 .0E-3;
:TR IG G ER:M AIN :LEVEL -2.6E0;
:SELECT:CH1 1;CH2 1;CH3 0;CH4 0;M ATH 0;R E FA 0;REFB
0 ;R E FC 0;REFD 0;
:C U R S O R :FUNCTION OFF;SELECT:SOUP.CE CH I;
:C U R S O R :V BA R S :UNITS S E C O N D S jP O S IT IO N l 1.2E6;PO SITIO N2 2.2E-5;
:CU RSOR:HBARS:PO SITIO N 1 -8.8E-2;PO SITIO N 2 -4.8E-2;
M EASUR EM EN T:M EAS1 :TYPE N O N EjS O U R CE C H I;
M E ASUR EM ENT:M EAS2:TYPE N O N EjS O U R CE C H I;
M EASUR EM EN T:M EA53:TYPE N O N EjS O U R CE C H I;
M EASUR EM EN T:M EAS4:TYPE NONEjSOUP.CE CH I;
:M E A S U R EM EN T M EA S 5 :TYPE N O N E;SO UR CE CH I;
M EASUREM ENT:IM M ED :TYPE PER IO D jS O U R C E C H I;
:MATH:DEFINE "CH I - CH2";FFT;HO RIZO NTAL:PO SITIO N
5 .0E IjS C A L E 1.0E0;
:M ATH:FFT:VERTICAL:POSITION 0 .0E 0;SC ALE 1 .0E0;
:H ARD CO P Y :FO R M AT BMP;PORT CEN TRO N ICSjLAYO U T
PO R T R A IT ; INKSAVER O FF;
:LANGUAGE ENGLISH

VISA resou rce name
error in (no error)
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VISA resou rce nam e out
error out

B-5 ISCO Pump Init.vi Module
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These are different sequences to setup the pump controller.

84

taeii
Sof^yfe]
Ejijgp

Pomp A Ssttrup J

GS3

Control roods (0:lNt<P?M5CNT).

E23

85

B-6 Air Bath Module
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